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the visual representation can be
described as truly pictorial. Moreover,
only the first few visual regions (V1, V2
and V3) are orientation selective, with
sub-regions that process specific
stimulus orientations [11,12]. It is
therefore not surprising that binocular
rivalry studies that have used
orientation grating stimuli have
reported modulation of activity in these
orientation-selective regions [13,14].
It follows that the binocular rivalry
stimuli used in the new study by
Pearson et al. [7] also evoked activity in
these regions. When considered in
conjunction with the observed
orientation specific effects of imagery,
the evidence suggests the interactions
between imagery and perceptual rivalry
occurred within the earliest orientation
selective visual regions.
Evidence bearing on the depictive
nature of imagery can be broadly
classified as either correlational or
disruptive. Correlational evidence,
which is abundant, refers to imagery
effects that mirror perception and
includes behavioral findings — such
as shifting attention between objects
in an imagined visual scene takes
progressively longer as distance
increases, as if the image is being
scanned [15] — and neural findings
(mentioned previously). Such evidence
could be disregarded by symbolic
imagery theorists as epiphenomenal,
however, because it is possible that it
reflects mental operations that have
nothing to do with imagery — for
example, a mental simulation based on
knowledge that symbolic imagery
might follow known physical laws, such
as it takes longer to scan greater
distances [16].
Disruptive evidence refers to
interference of a given mental process
either by another process that shares
the same neural substrates or by direct
disruption of the underlying neural
substrates. Such evidence supporting
pictorial imagery is relatively sparse.
Behavioral work has shown imagined
vertical lines can impair performance
on a perceptual line discrimination task
[17], a patient’s imagined (and
perceived) visual field was restricted
following partial removal of occipital
cortex [18], and temporary cortical
deactivation of occipital cortex
impaired performance on a task
involving imagery of oriented lines [19].
This type of evidence is particularly
convincing because it shows visual
perceptual processing or visual
processing regions are necessary
for imagery.
The new study by Pearson et al. [7]
provides a much needed contribution
to the category of disruptive
evidence. They showed that imagery
disrupted binocular rivalry in an
orientation-specific manner,
suggesting orientation processing in
early visual regions was necessary
for both perception and imagery. It
is notable that even if this evidence
was correlational, it would still be
impenetrable to a mental simulation
argument (as it would be nonsensical
to propose participants had any
knowledge of how rivalrous perceptual
stimuli and imagined stimuli might
interact). Considering these factors,
this evidence can be considered the
most compelling to date that imagery
can be pictorial.
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R605Microtubule Stabilization: Formins
Assert Their Independence
Mammalian Diaphanous-related (mDia) formins are well known for their actin
nucleation and filament elongation activities. They have since emerged as
microtubule-binding proteins, and a recent study shows that mDia2 stabilizes
microtubules independently of its actin nucleation activity.
Aaron D. DeWard
and Arthur S. Alberts
Side by side, microtubules and
filamentous actin (F-actin) work in
concert to facilitate essential
changes in cell morphology [1,2].
One mechanism governing actin
remodeling includes Rho GTP-binding
proteins signaling through mDia formin
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Figure 1. Formins mediate actin and microtubule cytoskeleton dynamics.
(A) Schematic representation of mDia formin domains. (B) mDia formins nucleate and processively elongate F-actin by promoting the addition
of actin monomers to the barbed (+) end. (C) A potential mode of microtubule stabilization by mDia2 binding to the sides of microtubules to
mediate stabilization. (D) A mode of microtubule stabilization by mDia2 associating with microtubule-tip-binding proteins APC and EB1 in
addition to protecting microtubules from disassembly.
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numerous cellular functions that
depend on actin dynamics, including
cytokinesis, filopodia formation,
serum response factor-mediated
gene expression, vesicle trafficking,
and cell migration [3].
mDia formins are a highly conserved
family of proteins that nucleate and
processively elongate linear actin
filaments through a canonical formin
homology 2 (FH2) domain (Figure 1A,B)
[4,5]. The FH2 domain potently
assembles new actin filaments by
binding to the barbed (plus) end of
growing filaments to promote actin
monomer addition; not surprisingly,
this activity is tightly regulated [6].mDia formins normally exist in an
autoinhibited inactive state, mediated
by the interaction between their
amino-terminal Dia-inhibitory (DID) and
carboxy-terminal Dia-autoregulatory
(DAD) domains [7,8]. ‘Activation’ of
mDia is induced upon interaction with
GTP-bound Rho family small
GTPases, which disrupts DID–DAD
binding (reviewed in [6]). This
control mechanism allows for
precise spatial and temporal
regulation of formin-mediated
cytoskeletal remodeling.
Several years ago, Gregg
Gundersen’s group [9] discovered
a separate function of formins not
directly related to actin dynamics:they can stabilize microtubules. Like
the actin cytoskeleton, microtubules
form an array of dynamic filaments
throughout the cell [10]. Previous
studies have shown that microtubule
stabilization downstream of Rho
GTPase signaling is essential for cell
polarization during migration [11].
The formins mDia1 and mDia2 were
later revealed as RhoA effectors that
mediate this process [9]. Expression
of activated versions of mDia (lacking
all or part of key autoregulatory
domains) or disruption of the mDia
autoregulatory interaction was
sufficient to induce stable
microtubules. While it was clear that
the Rho–mDia pathway played a role
Dispatch
R607in microtubule stabilization, the
mechanism of stabilization was
still unknown.
Subsequent work revealed that mDia
binds to two microtubule-tip (or plus
end) interacting proteins, EB1 and
APC, which function downstream of
Rho–mDia signaling to induce stable
microtubules. This set of proteins may
form a complex at microtubule tips to
carry out their activity [12]. As stable
microtubules contribute to cell
polarization during migration, it was
not surprising then that fibroblast
migration was diminished in cells
expressing a mutant version of EB1
that was defective in microtubule
stabilization, suggesting a requirement
for themicrotubuleend-bindingprotein.
The mechanism of microtubule
stabilization downstream of Rho
signaling gained another layer of
complexity when mDia1 was shown
to regulate glycogen synthase kinase-3
b (GSK3b) through a novel class of
protein kinase Cs (PKCs) [13].
Specifically, the effects of RNA
interference (RNAi) or expression of
dominant-negative mutants revealed
that GSK3b is regulated downstream
of mDia1 and PKC, but upstream of
EB1, to induce stable microtubules.
How APC fits into this more complex
pathway is not clear, but it is interesting
to note that APC is a substrate for
GSK3b and that phosphorylation of
APC decreases its ability to interact
with microtubules in vitro.
A new study has now established
a direct, yet distinct, connection
between the actin and microtubule
cytoskeletons: Bartolini et al. [14]
report that the FH2 domain of mDia2
binds directly to microtubules and
that the actin nucleation activity of
mDia2 is not required for its
microtubule stabilization activity.
In a key experiment, two different
mutations were made in the FH2
domain of mDia2 that abolish its ability
to nucleate actin filaments. The
mutations were made in a truncated
activated version of mDia2 composed
of the FH1–FH2 domains previously
shown to stabilize microtubules when
expressed in cells [9]. Importantly,
both actin nucleation-deficient
mutants of mDia2 were still able to
induce microtubule stabilization.
The effect of mDia2 on microtubule
assembly and disassembly rates could
reveal a mechanism by which formins
stabilize microtubules. Using
microscopic imaging approaches toexamine microtubule dynamics,
Bartolini et al. [14] observed that
purified mDia2 protein modestly
slowed microtubule assembly (tubulin
dimer addition) at both the plus (+) and
the minus (2) ends. However, mDia2
dramatically reduced microtubule
depolymerization at both the plus and
minus ends, suggesting a cap-like
activity as a potential mechanism
for formin-mediated microtubule
stabilization (Figure 1C). Consistent
with the cell-based experiments,
in vitro microtubule stabilization by
mDia2 appeared to be independent
of its actin assembly activity, since the
nucleation-deficient versions of mDia2
still reduced microtubule disassembly.
These experiments also demonstrate
that the FH2 domain of mDia2 is
sufficient for microtubule stabilization
in vitro.
Bartolini et al. [14] then performed
in vitro assays using cold and
dilution-induced microtubule
depolymerization in the presence of
recombinant mDia2. In support of their
previous data, mDia2 was shown to
bind directly to microtubules to protect
against microtubule depolymerization.
Microtubule binding was mapped to
the FH2 domain and to an additional
region on the carboxy-terminal end
of mDia2, suggesting that there are
at least two microtubule-binding sites
in mDia2.
It is unclear if FH2 domain-mediated
microtubule stabilization is distinct
from other potential capping
mechanisms mediated by microtubule
tip complexes bearing EB1 or APC [1].
Previous studies have shown that
truncated, interfering EB1 protein
can effectively block mDia-triggered
microtubule stabilization in cells,
suggesting an important role for EB1
in this process [12]. To eliminate the
possibility that the nucleation-deficient
variants of mDia2 may have
secondarily lost their ability to bind
to EB1 and APC, Bartolini et al. [14]
performed GST pull-down assays to
confirm the direct interaction between
mDia2 and EB1 or APC [12]. In both
cases, the association with the
formin remained intact. So while the
previous in vitro data suggest that
mDia2 independently affects
microtubule dynamics by interfering
with disassembly, these data suggest
that an mDia2–APC/EB1 pathway
remains a viable mechanism for
indirect microtubule stabilization
(Figure 1D).The studies by Bartolini et al.
suggest that the biochemistry of the
mDia2–microtubule association will
likely be complex but may also be
markedly different from the molecular
mechanisms mediating actin
nucleation and processivity. In the
prevailing model for mDia-mediated
actin nucleation, the FH2 domain
functions as a tethered dimer [6]. As
mutations abrogating mDia nucleation
activity are still capable of stabilizing
microtubules, Bartolini et al. [14] tested
whether FH2 dimerization was required
for microtubule stabilization. A single
mutation was generated in the
truncated mDia2 FH1–FH2 fragment
(guided by the lasso-post structure
of the yeast formin Bni1p [6]) to abolish
dimerization. Expression of this mutant
was fully capable of inducing stable
microtubules, indicating that FH2
dimerization is not necessary for
microtubule stabilization. However,
this does not rule out the possibility
that mDia2 dimers can still stabilize
and perhaps bundle or crosslink
microtubules; both possibilities are
illustrated in Figure 1C.
An interesting feature of the
stable microtubules induced by
nucleation-deficient mDia2 was that
they frequently appeared ‘knotted’.
These stabilized microtubules were
often located in a perinuclear region,
without radiating to the cell periphery.
A more severe knotted phenotype
was associated with the mDia2
mutant most deficient in its ability to
nucleate actin. Perhaps this reflects
the ability of a formin FH2 dimer to
bundle microtubules? Overall, these
experiments suggest that while actin
nucleation activity is separate from
microtubule stabilization, both
activities likely contribute to the normal
distribution of stable microtubules.
Further, the results leave open the
possibility that a formin could elongate
F-actin while bound to a microtubule.
The main caveat for interpretation
of these data is that a truncated version
of mDia2 lacking key autoregulatory
domains was used to induce
microtubule stabilization. It is likely that
additional cellular factors are involved
in formin-mediated microtubule
stabilization that are unable to interact
with this truncated version of mDia2.
Bartolini and colleagues have
provided novel insights into the cellular
function of formins, which lead to
several important questions. First,
does direct mDia binding to
Social Learning: Nectar Robbing
Spreads Socially in Bumble Bees
Social transmission of learned behaviour is well documented in vertebrates
but much less so among invertebrates. New research shows that nectar
robbing can spread socially among bumble bees, even in the absence of
nectar-robbing models.
David F. Sherry
Bumble bees are robbers. Along
with acting as legitimate
pollinators — collecting nectar
and pollen and transporting pollen
between flowers — bumble bees also
circumvent floral structures designed
to ensure pollination by biting into
corolla tubes and floral spurs to obtain
nectar. Because of their relatively
large size, bumble bees, along with
carpenter bees and flower-piercing
birds, are themajor nectar-robbers that
insect-pollinated plants contend with
[1]. Bumble bees are also sophisticated
learners, capable of learning novel
flower-handling techniques [2],
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indirect mechanism mediated by an
mDia–APC/EB1 association?
Alternatively, cells may utilize a direct
or an indirect microtubule stabilization
mechanism depending on the specific
context. For example, one mechanism
may be invoked in mitotic cells for
microtubule search-and-capture,
whereas migrating cells may employ
a different mechanism to establish cell
polarity. In either case, it will be
interesting to reveal how cells might
employ the two mechanisms in
different scenarios.
Another important question will be to
identify whether microtubule binding is
unique for mDia2? The FH2 domain
primary amino acid sequences of
mDia1 and mDia2 are highly conserved
[5]. Both mDia family members
nucleate and processively elongate
actin with similar efficiency and both
can stabilize microtubules [9,15].
Despite these similarities, mDia2 has
demonstrated subtle biochemical
differences from its relative.
Previous work has shown that mDia2
bundles F-actin whereas mDia1 does
not [16]. Also, mDia2 activity alone
is inhibited by the shared mDia1/
mDia2-binding partner Dia-interacting
protein (DIP) [17]. This is surprising
given that DIP binds to the FH2 domain
of both proteins with equal avidity. The
structural/biochemical explanation for
these differences remains unsolved.
Clearly, more mDia1/mDia2
comparison–contrast experiments
addressing these topics are needed,
as well as experiments using more
divergent formin family members.
The observations by Bartolini et al.
[14] raise the possibility that formins
not only act as actin assembly factors
but also as microtubule-binding
proteins to cross-link the two
cytoskeletal components. The mDia
formins are now poised to play
a central role in uniting themechanisms
controlling both actin and microtubule
dynamics. An additional candidate for
this role is the microtubule-binding
protein APC. In a previous collaborative
effort between the Gundersen and
Goode labs [18], APC was shown to
affect F-actin dynamics through direct
binding and bundling of F-actin.
The impact of these studies may also
provide insight on the contribution of
microtubule stabilization and actin
dynamics in diseases such as cancer.
mDia1 appears to harbor tumor
suppressor activity [18] while defects inthe APC tumor suppressor gene drive
the progression to malignant colon
cancer [19]. It is also interesting to
consider that a potent microtubule
stabilizing agent – taxol – is commonly
used in the clinic to treat cancer. While
the mechanism of microtubule
stabilization is different between
mDia and taxol, the potential exists
for mDia-mediated microtubule
stabilization to be a promising
therapeutic target. Insight into the
mechanism of Rho–mDia microtubule
stabilization will certainly be an
important focusof research in the future.
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